The ability to establish spatial organization is an essential feature of any developing tissue and 16 is achieved through well-defined rules of cell-cell communication. Maintenance of this 17 organization requires elimination of cells with inappropriate positional identity, a poorly 18 understood phenomenon. Here we studied mechanisms regulating cell elimination in the 19 context of a growing tissue, the Drosophila wing disc and its dorsal determinant Apterous. 20 Systematic analysis of apterous mutant clones along with their twin spots shows that they are 21 eliminated from the dorsal compartment via three different mechanisms: sorting to the 22 ventral compartment, basal extrusion, and death, depending on the position of the clone in 23 the wing disc. We find that basal extrusion is the main elimination mechanism in the hinge, 24 whereas apoptosis dominates in the pouch and in the notum. In the absence of apoptosis, 25 extrusion takes over to ensure clearance in all regions. Notably, clones in the hinge grow larger 26 than those in the pouch, emphasizing spatial differences. Mechanistically, we find that limiting 27 cell division within the clones does not prevent their extrusion. Indeed, even clones of one or 28 two cells can be extruded basally, demonstrating that the clone size is not the main 29 determinant of the elimination mechanism to be used. Overall, we revealed three elimination 30 mechanisms and their spatial biases for preserving pattern in a growing organ. 31 33 34
INTRODUCTION
hinge and the Iroquois complex in the notum (4-8). The cell clones with altered expression of 48 such genes disrupt the tissue pattern and trigger a set of common events. Such clones round 49 up to minimize contact with their neighbors. Some of the clones were reported to undergo 50 apoptosis or bulge out of the tissue forming cysts (9) (10) (11) (12) (13) (14) . 51 In addition to separating opposing compartments from each other and preventing cell 52 mixing, the compartment boundaries also act as signaling centers. The morphogens mechanisms that detect and get rid of misspecified cells and hence contribute to the 104 maintenance of compartment organization. In order to have a disc intrinsic measure of how many clones were originally generated 112 we utilized a classical mitotic recombination approach that allows to generate mutant clones 113 together with their wild-type twin sisters. To mark mutant clones positively we placed GFP on 114 the chromosome that carried ap mutation. Therefore, in our set-up the ap homozygous 115 mutant clones were marked positively by two copies of GFP, whereas their sister wild-type 116 clones (twin spots) -by the absence of GFP. To understand what happens to the mutant cells 117 after their induction, we followed their fate in a time-course experiment using this set-up. We 118 induced clones shortly before D/V boundary formation, at 46h after egg laying (AEL), and took 119 time points every 10h (Fig 2A) . The dorsal clones of each time-point were categorized into 3 120 groups ( Fig 2B) . The first group includes pairs of ap mutant and wild-type clones (Fig 2B (a) ). 121 This group reflects the number of mutant clones that remained in the dorsal compartment at 122 a particular time point. The second group contains wild-type clones without their mutant 123 sisters ( Fig 2B (b) ) and corresponds to the number of ap mutant clones which had already 124 been eliminated. The last group includes wild-type clones in the dorsal compartment that 125 have their mutant twins in the ventral part ( Fig 2B (c) ), suggesting that those mutant clones of dorsally located wild-type clones (per disc). Red lines correspond to the ratios of ap DG8 clones to their wt sisters 139 (experimental discs); blue lines correspond to the ratios of wt clones to their wt sisters (control discs, shown on 140 Fig S1) . Note, the control discs were analysed only at 70h, 80h and 90h AEL. At least 15 discs were analysed for 141 each time-point. Data represent mean±CI (95%). Scale bars represent 50µm.
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At 24h AHS (the first time-point), almost 75% of dorsally located wild-type clones had 144 their mutant twins (Fig 2C, 2G) . Interestingly, the clones and their sisters had similar sizes 145 (about 8-12 cells) at that time point. This indicates that the mutant cells initially were able to 146 grow in the dorsal compartment. However, 10 hours later (34h AHS) the amount of ap clones 147 recovered in the dorsal part dropped sharply (Fig 2D, 2G) . Less than 40% of mutant clones 148 remained in the dorsal disc. Those clones were much smaller and more circular compared to 149 their wild-type sisters. In the next 20 hours, the number of dorsally located mutant clones 150 declined only slightly (Fig 2E-F, 2G ). Nearly 30% of mutant clones had remained in the dorsal 151 disc at 54h AHS (the last time point). Interestingly, the clones at the very proximal notum (disc 152 tip) and lateral notum regions were not eliminated (Fig 2E, arrowheads) .
The mutant clones that were removed from the dorsal compartment had been either 154 sorted to the ventral one ( Fig 2H) or eliminated from the disc tissue completely ( Fig 2I) . We 155 observed relatively high number (15%) of dorsally located wild-type clones with their mutant 156 sisters in the ventral compartment at the first time-point (70h AEL) ( Fig 2C, 2H) . The number 157 of such clones nearly doubled at the second time-point (80h AEL) ( Fig 2D, 2H ). The sorted 158 mutant cell clones accumulated at the D/V boundary from the ventral side (visible in Fig 2D- 159 F). Clone sorting is coupled to boundary reorganization ( Fig 2C' , 2E', arrows). We observed 160 that the ectopic signaling induced between the mutant cells and the surrounding Ap-161 expressing cells can be incorporated into the regular compartment boundary if a mutant clone 162 happens to arise in close proximity to the D/V boundary. Importantly, the deformed D/V 163 boundary straightens after the sorting has been completed, as we nearly never observed 164 boundary deformations at 100h and later ( Fig 2F' and data not shown). 165 The high percentage of sorting events (30% of all ap clones induced) raised the 166 question of how many of these events were by chance, especially because the clones were 167 induced prior to D/V boundary formation. To estimate the frequency of clones being born and 168 twins ending in opposite compartments by chance, we analyzed control discs, where both 169 sister clones were wild-type (Fig S1, 2G-I blue lines). In such control discs, nearly all dorsal 170 clones (95%) remained in the dorsal compartment together with their twins ( Fig 2G) . The 171 sister clones located in different compartments were observed very rarely (below 5%) (Fig   172   2H ). Therefore, we conclude that dorsally originated ap mutant clones that are in close 173 proximity to the D/V boundary are actively sorted into the ventral compartment. 174 Finally, we found that a high number of dorsal mutant clones (42%) were completely 175 eliminated from the wing discs ( Fig 2F, 2I) . The majority of the elimination took place early, between the first two time points. Overall, 72% of all dorsal ap mutant clones were removed 177 from the dorsal compartment: 30% via sorting and 42% via full elimination.
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The later the clone induction, the less efficient is the elimination 180 181 Next we asked whether the elimination and sorting rates depend on the clone 182 induction time. To address this question, we induced the ap clones later, at 66h AEL (time 183 after boundary formation), and analyzed at 100h and 110h AEL, which correspond to 34h and 184 44h after heat-shock (AHS), respectively ( Fig 3A) . Thus, we can compare the results of this 185 experiment (late induced clones) with the results of our previous experiment (early induced 186 clones) at least for 34 and 44h AHS. Using the categorization strategy 199 described ( Fig 2B) , we quantified the percentage of mutant clones of dorsal origin that were 200 either completely eliminated from the disc tissue or sorted to the ventral compartment. We 201 found that the portions of completely eliminated mutant clones as well as sorted ones were 202 significantly smaller for the late induced clones compared to the early induced ones at both 203 34h ( Fig 3B, 3D ) and 44h AHS ( Fig 3C, 3E) . 204 Remarkably, the induction of ap LOF clones after D/V boundary formation resulted in 205 boundary deformations ( Fig 3B' , note the wiggly D/V boundary) similar to what we observed 206 when the clones were induced before the D/V boundary formation (Fig 2E' ). Therefore, the 207 compartment boundary can be rearranged after its formation. Such boundary flexibility 208 allows the mutant clones to be rescued by displacement to the ventral compartment, though 209 this happens more rarely for the clones induced after boundary formation than for the ones 210 induced before. Altogether, the efficiency of misspecified cell elimination depends on the 211 developmental stage: the mutant clones induced early are eliminated from the dorsal 212 compartment more efficiently than the late induced ones. 213 Previous studies showed that ap mutant clones can lead to deformations in the adult 214 wings (3). Indeed, in most cases, the presence of cells with inappropriate dorso-ventral 215 positional identity in adult tissue caused ectopic margin formation ( Fig S2B) , wing margin 216 duplications ( Fig S2C, S2C' ), blister-like outgrowths ( Fig S2D, S2E) , and, occasionally, wing 217 duplications ( Fig S2F, S2G) . Importantly, the occurrence of defective wings highly correlates 218 with the time of clone induction. When ap clones were induced late a vast majority of the 219 wings (83%) had defects. In contrast, only one out of three wings were defective when the 220 induction was early ( Fig 3F) . We observed the same trend with Ap-expressing clones induced 221 at different times ( Fig 3F) . Thus, early induced misspecified clones are more likely to be Next, we set out to study how the misspecified cells are being cleared from the tissue. 228 As discussed, for ap mutant cells in close proximity of the D/V boundary, an elegant solution 229 is to cross over to the opposite side ( Fig 4A) . This strategy also works for the clones 230 misexpressing Ap ( Fig 4B) . During this process the ectopic boundary signaling induced 231 between the misspecified cells and surrounding wild-type cells fuses with the regular D/V 232 boundary, forming a loop-like structure around the misspecified clone ( Fig 4A', 4B' ). This 233 allows dorsal mutant cells or ventral Ap-expressing cells to mix with the cells from the opposite 234 compartment and eventually recover at the correct place. Another mechanism contributing to the elimination of misspecified cells is apoptosis 252 (11). Indeed, as revealed by TUNEL assay, both ap mutant and Ap-expressing clones undergo 253 apoptosis in the inappropriate compartment ( Fig 4C-D' ). Interestingly, the apoptotic cells were 254 detected both within and surrounding the misspecified cell clones ( Fig 4C-D' ). 255 Moreover, some misspecified clones displayed evidence of basal extrusion. The apical 256 surfaces of those clones were narrower ( Fig 4E) , than their basal side (Fig 4E' ), and the central 257 cells were much shorter ( Fig 4E, XZ and YZ). More lateral cells of the clone will eventually fuse 258 above the gap forming a cyst-like structure with the apical side enclosed inside, contributing 259 to the clearance. 260 Importantly, the vast majority of the bulging ap mutant clones were in the prospective 261 hinge or in the very proximal pouch regions of the dorsal compartment. To estimate if there 262 is any relationship between the region of clone location and the mechanism of elimination we 263 carefully analyzed all ap mutant clones that remained in the dorsal compartment 50h after 264 clone induction in the third instar wing discs. Moreover, the TUNEL assay allowed us to detect 265 apoptotic cells. We reasoned that all sorting events at the boundary region had already taken 266 place by this time. Thus, we focused only on the clones that were trapped in the dorsal 267 compartment. Mutant clones from 23 wing discs were analyzed. Clones located in different 268 regions of the dorsal compartment (dorsal pouch, dorsal hinge and the notum) were grouped 269 based on the type of elimination they displayed: apoptosis (without evidence of extrusion), 270 extrusion (without apoptosis), extrusion accompanied by apoptosis and the clones that did 271 not display any evidence of elimination ( Fig 4G) . In the pouch, almost all misspecified clones 272 underwent apoptosis (36 clones out of 38 clones examined in the pouch) ( Fig 4F-G) . Some of 273 these apoptotic clones also bulged out, especially the ones in the proximal pouch (10 clones 274 out of 36). We found no examples of extrusion for the clones located closer to the D/V boundary. In contrast, in the hinge, the majority of the mutant clones displayed a cyst-like 276 phenotype (14 clones out of 16 examined clones in the hinge) ( Fig 4F-G) . Interestingly, the 277 bulging clones in the hinge were not necessarily accompanied by apoptosis, but all apoptotic 278 clones displayed extrusion ( Fig 4G) . This finding suggests that the induction of clone extrusion 279 in the hinge is not a consequence of apoptosis. The opposite scenario is more likely -apoptosis 280 takes place following clone extrusion in the hinge. In the notum, 7 clones out of 23 examined 281 contained apoptotic cells, and only 2 clones formed invaginations ( Fig 4G) . However, the 282 majority of remaining clones displayed evidence of neither apoptosis nor extrusion. Notably, 283 the presence of the unmarked twin-spots in the central notum suggests that mutant clones 284 had already been eliminated from this region by either apoptosis or extrusion. 285 Altogether these data indicate that misspecified cells are removed by three different 286 mechanisms: sorting, apoptosis and basal extrusion. Moreover, apoptosis dominates in the 287 pouch, whereas extrusion is the main mechanism in the hinge. To assess the contribution of cell death to the elimination process, we prevented 292 apoptosis in ap DG8 cells by co-expression of the inhibitor of apoptosis p35. Wild-type, UAS-293 p35, ap DG8 and ap DG8 with p35 clones were induced at early second instar and the discs of mid-294 third instar larvae were analyzed. The clones expressing only p35 ( Fig 5B) behaved similarly 295 to the wild-type GFP-expressing clones ( Fig 5A) . In both cases, the clones did not display 296 apoptosis, as revealed by the TUNEL assay. In contrast, dorsally located ap mutant clones 297 induced apoptosis ( Fig 5C) . As expected, expression of p35 within the clones perfectly 298 inhibited apoptosis of clonal cells, but did not prevent induction of apoptosis outside the clone 299 ( Fig 5D, upper insert) .The expression of p35 in the mutant clones significantly increased the 300 number of recovered clones ( Fig 5D-E) . However, the number of mutant clones expressing 301 p35 was still lower than that of wild-type or p35-expressing clones ( Fig 5E) . Fig 2) . The quantification of sorting events and comparison to the results 318 obtained with the ap mutant clones alone (Fig 2) , revealed that the expression of p35 did not 319 change the sorting efficiency at any time-point ( Fig S3A-D) . Approximately 30% of clones were 320 sorted to the ventral compartment ( Fig S3D) . In contrast, the number of mutant clones that 321 were fully eliminated from the disc tissue were significantly lower when apoptosis was blocked 322 ( Fig S3E) . However, about 18% of dorsal wild-type clones were found without their mutant 323 sisters ( Fig 3SB-C, arrows and 3SE ). This directly indicates that the misspecified clones can be eliminated from the tissue even in the absence of apoptosis. Many ap mutant clones with p35 325 expression displayed evidence of basal extrusion. Interestingly, in this case cyst formation was 326 observed not only in the hinge region but also in the notum and in the pouch ( Fig 5G-G' ). This 327 suggests that extrusion does not depend on apoptosis and can serve as a back-up mechanism 328 of clone elimination. One possible explanation of why the hinge clones but not the pouch ones undergo 333 extrusion is the clone size. Misspecified clones in the hinge are larger than the ones in the 334 pouch ( Fig 4F) . Therefore, we wondered whether clone size would be linked to the choice of 335 elimination mechanism. This could also explain why clones in the pouch (and in the notum) 336 begin extruding upon apoptosis inhibition: since many ap mutant clones in the pouch normally 337 undergo apoptosis, they may not have a chance to reach the size required for extrusion, while 338 apoptosis inhibition allows mutant clones to grow and reach a larger size ( Fig 5F) . 339 Thus, we asked whether changing the clone size affects their elimination in the 340 presence and absence of apoptosis. To reduce the clone size we made use of string (stg) RNAi. 341 Stg is an activator of the cyclin-dependent kinases. It regulates cell cycle progression by driving 342 cells into mitosis (35). Accordingly, stgRNAi expressing cells proliferate slowly and the clones 343 have smaller size compared to the wild-type clones (Fig S4A, S4C ). However and importantly 344 the expression of stgRNAi did not affect the clone recovery rate ( Fig S4I) . Therefore, stgRNAi 345 expression and associated with it reduction of proliferation do not cause clone elimination per 346 se. As previously, p35 was used to prevent apoptosis within the clones (Fig S4B) . The clones 347 expressing both p35 and stgRNAi combined both effects: they were smaller, and were recovered at a higher rate than wild-type clones (Fig S4D, S4I) . To modulate apoptosis and 349 clone size in misspecified cells at the same time, we used dLMO flip-out clones instead of ap 350 mitotic clones. Like ap mutant clones, dLMO flip-out clones induce ectopic boundary signaling 351 and are efficiently eliminated from the dorsal compartment ( Fig 6A, S4E , S4I; see also (11, 36) ). 352 The distribution of the elimination types the dLMO clones were undergoing in different 353 regions mimics the one of ap mutant clones (Fig 6E, dLMO) . Upon apoptosis inhibition the 354 behavior of dLMO clones again resembled the behavior of ap mutant clones (Fig 6B, S4F) : p35 355 co-expression increased the clone recovery rate ( Fig S4I) and led to clone extrusion in all 356 regions of dorsal compartment (Fig 6E, dLMO + p35 ). Contrary to our expectations, the 357 reduction of dLMO clone size did not influence the clone recovery rate (Fig 6C, S4G, S4I ). These 358 smaller dLMO clones were less likely to be associated with apoptosis and more frequently 359 displayed invagination, shortening, and extrusion phenotypes, especially in the pouch and in 360 the notum (Fig 6E, dLMO + stgRNAi) . Moreover, when we reduce the size of dLMO expressing Although the small size does not prevent the misspecified clones from being extruded, 384 such clones extrude from the tissue in a different way than the larger ones do. Careful analysis 385 of dLMO + p35 and dLMO + p35 + stgRNAi clone morphology showed that dLMO + p35 clones, 386 which were generally of medium to large size (more than 6 cells), form cyst-like structures 387 with a cavity inside, whereas small clones (1 -6 cells) did not. Most clones expressing stgRNAi 388 were clones of the small size. During our analysis, we found clones at different steps of 389 extrusion process from which we could reconstruct the whole process for both the large (Fig   390   6F ) and the small ( Fig 6G) clones. At the first step the large clones experience shrinkage of the 391 apical surface (Fig 6F-1) . At the same time clonal cells, especially cells in the clone center, get 392 shorter leading to clone invagination ( Fig 6F-2) . Eventually all cells in the clone are reduced in 393 height and the clone forms a cyst-like structure (Fig 6F-3) . The cyst is pushed out from the 394 tissue plane and becomes enclosed (Fig 6F-4) . After the cyst extrusion is complete, the disc 395 epithelium restores its integrity (Fig 6F-5) . The small clones also begin the extrusion process 396 by constriction of their apical areas, expansion of the basal side and cell shortening (Fig 6G-1) . 397 These changes lead to local tissue invagination ( Fig 6G-2, -3 ). Further reduction of clone height causes clone extrusion. At the same time, neighboring wild-type cells establish contacts above 399 the extruding clone (Fig 6G-4 ) and the tissue restores its integrity and shape ( Fig 6G-5) . In Here we studied the behavior of cells misspecified for the dorso-ventral identity. Using 408 a non-canonical FRT site (33) we induced ap mutant clones and analyzed their behavior in the 409 dorsal compartment. Interestingly, the misspecified cells are not eliminated immediately after 410 induction. Initially, we suspected that the clones needed to reach a certain size to initiate 411 elimination. However, our data shows that the clone size is not a decisive parameter for the 412 elimination. The misspecified cell clones, as small as 1 cell, can be extruded from the epithelia. 413 Alternatively, the effect might be due to Ap protein or the transcript stability. In this scenario, 414 bringing Ap below a certain threshold simply requires time or several divisions that would 
Sorting to the opposite compartment
The phenomenon, when dorsal cells mutant for ap cross the boundary and join the 423 ventral compartment, has been observed in the early work defining Ap as the dorsal 424 determinant (32). Importantly, this ability of cells to swap compartments according to their 425 identity contributes to the elimination of misspecified cells. We found that up to 30% of 426 mutant clones of dorsal origin leave the compartment via this mechanism. Three main events 427 make clone sorting possible: the induction of ectopic boundary signaling around the clone, 428 incorporation of this signaling into the compartment boundary, leading to loops protruding 429 from the D/V boundary, and boundary straightening. How boundary straightening occurs is 430 not known. However, it is very likely that the mechanisms that maintain the boundary straight 431 during normal development are in effect here. For instance, it was shown that the D/V 432 boundary has distinct physical parameters such as increased cell bond tension, cell elongation 433 and oriented cell division, which tightly correlate with the boundary morphology and ensure 434 its straightness (37). Importantly, the increased tension depends on Ap and Notch activity (38) . 435 Therefore, it is possible that the mechanical changes associated with displaced signaling help 436 to bring D/V boundary to the normal shape. Notably, the ability of misspecified dorsal clones 437 cross into the ventral compartment even after D/V boundary formation suggests that the 438 signaling center is a very flexible and dynamic structure. It can be rearranged at any time 439 during development in order to meet tissue needs. was also significant, however incomplete ( Fig 5E and S3 ). We find that in addition to apoptosis, 455 basal extrusion also contributes to the elimination of cells misspecified for the D/V position. 456 The underlying reason of the discrepancy between the published results and ours might be 457 the timing of clone induction, as the later induced clones are more likely to escape the 458 elimination mechanisms in place. Another important factor that could contribute to the 459 differences between p35 rescue experiments is that the analysis in Milan paper was restricted 460 to the pouch region, whereas we analyzed clones throughout the whole dorsal compartment. 461 Therefore, we suspect that earlier clone induction along with quantification in the whole disc 462 allowed us to recognize the contribution of basal extrusion to the process of clone elimination. This makes the hinge region mechanically more disposed to bulging (40). Second, the hinge 472 region is resistant to irradiation and drug-induced apoptosis due to low levels of the pro-473 apoptotic gene reaper in that region (41). Third, we find that ap mutant clones in the dorsal 474 pouch and dorsal hinge have different effects on cell proliferation. The misspecified clones in 475 the hinge increase cell proliferation in both an autonomous and a non-autonomous manner. 476 By contrast, the clones in the pouch either grow at the normal rate or even slightly inhibit cell 477 proliferation ( Fig S5) . Most likely these effects are mediated by ectopic Notch/Wg signaling 478 induced at the clone boundary. Indeed, it was reported that Notch or Wg misexpression 479 increases cell proliferation and causes strong overgrowth in the hinge but not in the pouch 480 (10, 13, 23, 42). Thus, the extrusion of misspecified clones in the hinge could be driven by local 481 crowding, which was shown to be linked to extrusion in the Drosophila pupal notum (43, 44). 482 However, our data suggests that the role of local crowding can be at most minor with regards 483 to the extrusion of ap mutant clones. First of all, in the absence of apoptosis, the extrusion of 484 ap clones occurs rather frequently not only in the hinge but also in the pouch and in the 485 notum, where the clones do not induce overgrowth. In addition, the clones with artificially 486 reduced size (dLMO+p35+stgRNAi) are still extruded from the epithelium despite the lack of 487 the crowding effect (Fig 6E and 6G) . Overall, we think that it is the in-built apoptotic resistance 488 in the hinge, rather than differential proliferation patterns that favors extrusion in the hinge. 489 Here, we described three mechanisms that ensure clearance of cells with incorrect D/V 490 identity and their regional bias. We also find that the elimination of misspecified cells is more 491 efficient earlier in development. This suggests that the ability of developing tissue to remove 492 inappropriately specified cells and actively maintain the compartment organization requires 493 some tissue plasticity that diminishes over time.
MATERIALS AND METHODS

495
Fly stocks 497 498 The following fly stocks were used in this study: ap DG8 (described in Bieli et al., 2015) , 499 FRT f00878 (described in Bieli et al., 2015) , UAS-dLMO (was kindly provided by Marco Milan), Table S1 . 
